The Missouri Department of Transportation's (MoDOT) past and present Quality Control and Quality Assurance programs for construction are examined. MoDOT's present Quality Management program along with a small number of grading projects has lowered the number of Quality Assurance (QA) soil compaction tests completed in the past two years. The Department would like to rid itself of using the Nuclear Density Gauges because of burdensome Federal regulations, required training, security and licensing fees. Linear and multiple regression analysis was performed to see if a correlation between nuclear density gauge dry densities values and Light Weight Deflectometer modulus values/ Clegg Hammer Clegg Impact Values exist. These relationships or lack thereof will determine the technology used by construction contractors to perform compaction quality control testing if MoDOT moves away from using nuclear density gauges for soil density verification. 
Introduction
The Missouri Department of Transportation (MoDOT) began using design-build (DB) contracting in 2005. That business decision required a shift in the agency's quality management culture as many quality management (QM) tasks that had been performed by MoDOT staff were reassigned to the DB contractor (Gad et al. 2015 ). The Utah DOT described the change in the following manner. "The owner [UDOT] felt that one of the biggest challenges to the QC and QA program was "breaking the mold" of the traditional roles of the contractor and owner. The owner's personnel had all come from the "catch and punish" culture. Likewise the contractor personnel came from a similar background. To change philosophies to a more proactive quality role by the contractor and a less controlling oversight role of the owner was a significant challenge." (Postma et al. 2002) .
Once that DB QM culture shift had been completed, MoDOT evaluated the results of the projects constructed using DB and found them to be as good as and often times better than the constructed quality of project delivered using traditional low bid design-bid-build (DBB). Hence, the agency made the decision to attempt to adopt its DB QM program on its DBB projects. The net result is that the amount of traditional quality control (QC) and quality assurance (QA) testing conducted by MoDOT personnel will be greatly reduced. It also calls into question whether MoDOT should continue to pay the life cycle operations and maintenance costs for QC testing equipment whose frequency of use has dropped off dramatically as a result of the change. This paper reports the first step in making that transition from agency QM testing to contractor QM testing by MoDOT and documents the process followed to determine whether the change in QM philosophy also requires a change in the QC testing equipment used by both the agency and its construction contractor. Specifically, the paper will detail the results of testing and analysis completed to determine whether MoDOT construction contractors can continue to use their nuclear density gauges (NDG) to verify compaction if the agency chooses to abandon that device as too expensive to maintain given the reduced frequency of agency NDG compaction testing.
Background
The Missouri Department of Transportation (MoDOT) has been using the Nuclear Density Gauge (NDG) as its primary technology for compaction testing for nearly 35 years, and currently has about 56 units distributed across its seven districts. The NDG has been found to have the following primary benefits:
 Speed for obtaining the results.
 Requisite level of precision.
 Portable and compact.
 Measure both moisture and density.
The MoDOT changed its quality assurance (QA) program in 2013 and made the construction contractor responsible for the bulk of the quality control (QC) compaction testing. This process is termed Quality Management (QM) by MoDOT. The United States Nuclear Regulatory Commission (NRC) requires training, licensing and security that have become a hindrance to both MoDOT and the contractor. This role change, combined with a decreased number of major grading projects leads to the need to conduct considerably fewer tests, MoDOT therefore found it prudent to re-evaluate its use of the NDG in light of the large number of administrative requirements for training, certification, calibration, and storage. An internal study completed in to be approximately $632,000 (McLain 2015) . 
MoDOT Quality Management Program Evolution
MoDOT's definition of Quality Management (QM) is: "A process that gives the contractor the primary role and responsibility for incorporating quality into the project, where quality is included in the planning and scheduling of project activities. Quality is managed by the contractor with QC testing and inspection. QA by MoDOT is conducted at specified stopping or hold points." (Ahlvers et al 2013) .
MoDOT's present QM system was an evolutionary process that began in 2000 when a QA/QC 
Design-Build Quality Management
Atkinson (2005) found that quality in the DB project can be built into the project not added to the project as in DBB. The QA/QC process then morphed into a QM plan (QMP) for all processes on DB projects. QM was used with great success on the previously noted DB projects. The DB team was co-located with the MoDOT project team, where impromptu meetings could be held to solve problems that flared up quickly. The DB team included a full time QC manager who insured that construction means and methods complied with the specifications and that the materials installed met the submitted and MoDOT approved specifications. The QC Manager was not only in charge of the main contracting arm of the DB team but the myriad of subcontractors as well. The major change was that MoDOT inspectors worked with designbuilder's foremen and inspectors to perform quality management tasks at "hold or witness points" in the approved DB QMP.
New MoDOT Quality Management Program for Design-Bid-Build Projects
The DB QM procedures with several enhancements became the present DBB project QM system. The central elements of the MoDOT QM program for DBB projects are as follows:
1. The contractor employs a full time Quality Manager.
2. The contractor develops and utilizes a Quality Management Plan.
3. Certified technicians and inspection staff are provided by the contractor.
4. MoDOT provides the QA personnel for the project. (Ahlvers et al. 2013) The QMP is the strategy for instilling quality into a project. For materials sampling and testing the contractors' testing personnel must be listed in the quality management plan. If conflicts arise during inspection and testing an independent third party may be used to resolve the conflict. The contractor accepts and collects all material paperwork and tickets for materials delivered to the project site.
The MoDOT QM process addresses appropriate responses to any non-conforming work and deficient work that may occur. The definitions for these two categories are as follows:  Non-conforming work: "Completed work that does not meet the contract requirements", (Ahlvers et al. 2013 ).
 Deficient work: "In-progress work that does not meet the contract requirements". (Ahlvers et al. 2013 .
A non-conformance report (NCR) keeps a record of deficient or non-conforming work. Either QC inspectors or QA inspectors can issue an NCR with an expectation that the QC inspectors will discover and issue the majority of the NCRs. With the issuance of an NCR, the contractor is required to propose a resolution to the problem. The QA inspector or Resident Engineer will approve or disapprove the proposed resolution and once the NCR is resolved MoDOT closes the issue.
Evaluation of Alternatives
The initial evaluation of alternatives involved the following classes of non-nuclear testing devices posited by Berney and Kyzar (2012) 
Density Testing Requirements in the New QM Program
The ITP mandates a minimum QC density testing frequency of one test per lift per 500 feet per activity. Under the specification an activity is defined as predetermined item of work in a distinct location. The minimum QA density testing frequency is one test per day. These testing frequencies are for both the placement and compaction of embankment and compaction in cut.
The approved tests for compaction according to Section 203 of the MSSHC are AASHT0 T 191
(Sand Cone), AASHTO T 205 (Rubber Balloon), and AASHTO T 239 (Nuclear Density Gauge) with the nuclear density gauge being both the preferred and most often used testing method.
However, the new QM program requires less involvement by MoDOT personnel, which calls into question the continuing cost effectiveness of maintaining two nuclear density gauges (NDG) in each RE office. Before the new QM program was implemented and MoDOT personnel were conducting QC density tests, an argument could be made that the results of the tests needed to be available as soon as practical to facilitate the identification of nonconformance with compaction standards and their remedies in a manner that did not compromise the contractors' production.
Nonetheless, the shift of all QC testing to the contractor made it the master of its own destiny and removed MoDOT from the production interruption equation. Therefore it is important to compute the change in NDG usage by MoDOT personnel both before and after the QM program change.
The costs per test shown in Table 1 were generated by dividing calculated equivalent uniform annual cost (EUAC) for ownership, operation, security and maintenance of MoDOT's NDGs by the average usage times in a construction season. The program to initiate QM on all projects has successful. As with any new initiative, there has been a learning curve for both contractors and MoDOT personnel. Now, with two construction seasons completed under the QM directive, procedures and responsibilities for both QA and QC have been learned, discussed and adjusted as required.
There is a desire in the department to change compaction testing methods and do away with the 
Research Objective
However, if MoDOT and its contractors use different technologies, a reliable correlation must be established between these modulus/CIV based testing procedures and density reported by the contractor's NDG or the contractor will most likely be required to utilize its own modulus/CIV based testing equipment for QC tasks. If no correlation exists then both compaction testing QA and QC will have to be conducted with the same method and/or equipment. Therefore the research objective is to answer the following question:
Can contractor quality control compaction testing on MoDOT construction projects be completed using the NDG while MoDOT quality assurance compaction verification tests are taken with a non-NDG technology?
Earlier with device compared, material tested and density of that material shown in Table 7 -5. The author noted that the poor correlation between the NDG and the other devices at the Hancock site could have resulted from the fact that test pad was uncompacted and only four measurements were taken. The author also commented that the good correlations for the tests conducted at the Calumet site might not be representative due to the limited number of tests (4) and that further assessment was needed. The author concluded that simple regression analysis did not show good correlation for the tests conducted on sand at the Iron River site due to soil heterogeneity and moisture content variation. Meehan et al. (2012) and Li (2013) 
Where: 0 and 1 are unknown regression coefficients and is a random error. MoDOT conducted these comparison tests in order to become familiar with the alternate testing devices, testing procedures, testing times, costs, and ease of use. An additional goal of the tests was to provide valid local results in which road construction contractors may have confidence.
The series of comparative tests were conducted at locations on active or recent grading projects.
The sites and soil properties are shown below. The tests were usually conducted in the following manner with some changes depending on the devices being tested.
The test location was smoothed out and the first test was conducted with the TransTech
Soil Density Gauge (SDG). The SDG measures dry density in pound per cubic foot (pcf) and moisture content of the soil in percent.
2. A pilot hole for the NDG probe was driven in the middle of the test area.
3. The NDG was placed and the probe extended into the hole. 
Figure 1 Compaction Testing Evaluation Configuration
The Zorn LWD measures a force pulse produced by a falling 10 kg mass onto a spring assembly that transmits the load pulse to a 300 mm diameter plate resting on a soil. The plate deflection is then measured in millimeters. The drop height is preset by the manufacturer and it is recommended not to be changed by the user. The dynamic deflection modulus for the Zorn is calculated by using the following formula:
. To determine the strength of the relationship between x and y or how well the data fits the regression line the coefficient of determination is used. The coefficient of determination ranges for 0 to 1. An R 2 of 0 means that y cannot be determined from x. An R 2 of 1 means that y can be predicted from x without error. A coefficient determination of 0.8 means that 80 percent of the variation can be explained by the linear relationship between x and y while the other 20% is unexplained. Table 7 shows the calculated coefficients of determination for samples taken in the same locations using the two different compaction testing devices. 
CIV
Multiple regression analysis was run using a commercial spreadsheet. In order to validate the mode, 70 percent of the compared values are used to build the multiple regression models, while the remaining 30 percent of the comparisons were reserved to evaluate the model's performance.
When going through the validation steps using Microsoft Excel, p-values are calculated for the generated model. Low p-values p< 0.05 indicates that the independent variable is expected to be a significant addition to the model because changes in the independent variables value are associated to changes in the dependent variable. When maximizing the coefficient of determination, independent variables with p values greater than 0.05 should be removed from the equation. Generally the p values for percent moisture were greater than 0.05 but were not removed because the purpose of the multiple regression was to assess the effects of moisture on the prediction of modulus or CIV values. A commercial neural network program was also used to make predictions for CIV and LWD modulus readings from a data set of nuclear gauge dry density and moisture readings. Neural
Networks represent the state-of-the-art in artificial technologies in solving problems (Leung et al. 2000) . Neural networks can serve an alternate to more conventional statistical methods. Similar to linear regression they can be used for approximation purposes. Neural networks are based on the structure of the brain, where the network contains elements which receives a number of inputs and generates an output. The network is initially trained from the data points and the relationship between the points. The network can then predict a value from data fed into it. The computer program used defaults to training with 80 percent of the variables and testing with remaining 20 percent of values.
Two different types of neural nets were used employed in examining correlations between the independent dry density and moisture content and the dependent LWD modulus readings and
Clegg Impact Values. The first network used applied was a Multi-Layered Feedforward Network (MLF) also known as a Multi-layer Perception Network (MLP). The MLF structure used contained input nodes which represent the dependent variable(s). Two hidden layers process the data and generate an output. The MLF net can take time and computing power to produce, but can compute generalizations from small training sets. Generated coefficients of determination shown in Table 9 were generated as a comparison parameter with the linear and multivariate results and to generalized regression neural networks (GRN). The second neural network applied was the GRN network. The GRN network contains inputs for each independent numeric variable. Inputs are carried to a pattern layer. Each node in the pattern layer calculates the distance from the presented values. From the pattern layer values are sent to the summation layer which contains nodes designated as numerator and denominator nodes. The summation layer nodes are functions the distance to the pattern layer and the dependent node.
The summation nodes sum up inputs while the output later divides the value in half. The advantage of GRN net is that the net trains extremely fast. GRN results are shown in the table below. The neural networks produced coefficient of determinations that were in the order of the linear regression and multivariate regression results with the two independent variable trained nets typically having higher coefficients of determination.
Conclusions
The conclusions reached in this study are as follows: The trend of data using linear regression, multiple regression and neural networks needs to be explained by performing more detailed analysis.
Added differing neural network calculation methods and discussion as seen in Tables 9 and 10 which follows the trend of the linear and multivariate regression results. Improper formatting and unnecessary gaps in the paper has been observed at number of places that need to be corrected. Soil symbol/name should be used according to some classification system. This has been corrected. Explanation between differing systems has been introduced in the paper explaining the use of American and German Instrumentation. Density in both SI and English is used in Table 6 . The quantum of referred articles are very few, some more references should be included in the paper More correlation of density to modulus and intelligent compaction values have been added as well as references related to neural networks.
